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gastric mucosa were not significantly altered. Correspondingly, duodenal mucosa of G3 mTERC Ϫ/Ϫ mice showed slimming and shortening of villi, whereas gastric mucosal histology was not significantly altered. However, the ratios of cystic fibrosis transmembrane conductance regulator (CFTR) and solute-linked carrier 26 gene family (Slc26a6) mRNA expression in relation to cytokeratin-18 were not altered in duodenal mucosa. The further knockout of p21, which is a downstream effector of telomere shortening-induced senescence, rescued villus atrophy of duodenal mucosa, and basal and forskolinstimulated duodenal HCO 3 Ϫ secretion and Isc in mTERC Ϫ/Ϫ p21 Ϫ/Ϫ double-knockout mice were not different from wild-type controls. In conclusion, genetic ablation of telomerase resulted in p21-dependent duodenal mucosal atrophy and reduced duodenal HCO 3 Ϫ secretory capacity, whereas gastric morphology and acid secretory function were preserved. This suggests that telomere shortening during aging may result in an imbalance between aggressive and protective secretions against duodenal mucosa and thus predispose to ulcer formation. telomere shortening; gastric acid secretion; duodenal HCO 3 Ϫ secretion; duodenal ulcer; aging PEPTIC ULCER, ESPECIALLY DUODENAL ulcer, is a common disease. The majority of duodenal ulcer is widely considered as related to Helicobacter pylori infection (3, 4, 8, 10, 20, 26) . However, in parallel with higher hygiene and socioeconomic status, and more effective eradication of H. pylori, the prevalence of H. pylori is decreasing, as well as overall ulcer incidence in most countries (3, 4, 8, 10, 20, 44, 45) . In contrast, the percentage of H. pylori-negative duodenal ulcers among all endoscopically verified duodenal ulcers is increasing worldwide, from a few percent to up to almost 30% in recent years (3, 8, 10, 26, 50) . Additionally, the incidence of duodenal ulcer, especially H. pylori-negative idiopathic duodenal ulcer, strongly increases with age (20, 34, 50, 51) . The study of the pathophysiology of aging-associated duodenal ulcer disease has been hampered by the lack of animal models, because the short life span of most laboratory animals and a scarcity of typical signs of human organismal senescence, renders them ill suitable to study aspects of human aging.
The imbalance between various aggressive and protective factors acting on the mucosa is believed to play a decisive role in the pathogenesis of duodenal ulcer. Gastric acid is considered as the major direct injury-causing factor against the duodenal mucosa, both in the absence and presence of H. pylori infection (15) . On the other hand, duodenal mucosal HCO 3 Ϫ secretion is currently accepted as one of the most important protective mechanisms against acid-induced mucosal injury (2, 39) .
Telomeres consist of small tandem nucleotide repeats located at each chromosome end of eukaryotic cells. The main function of telomeres is to cap the ends of chromosomes, thus preventing chromosomal fusions, chromosomal instability, and the activation of DNA-damage responses (6, 14, 48) . Shortening of telomeres leads to telomere dysfunction (uncapping of chromosomal ends). Dysfunctional telomeres are recognized as DNA damage and induce signaling via p53/p21 and other molecules leading to cell cycle arrest or apoptosis (6, 9, 25, 37) . In addition, short telomeres may influence intrinsic cell functions such as hormone secretion, mitochondrial membrane potential, Ca 2ϩ release, etc. (22, 30, 31, 38) . Interestingly, the decline of telomere length occurs with different dynamics in different human individuals as well as different human organs (1, 12, 46) . In general, telomere length has been associated with longevity (37, 46) and a rapid decline in telomere length due to organ disease associated with earlier development of organ dysfunction (22, 29, 40, 49) . However, the absolute telomere length does not correlate with cell turnover rates of the different organs, indicating that rapidly proliferating organs must have means to elongate their telomeres via telomerase activity (24, 46) , as well as by other means (7, 17) . In addition, it has become clear, at least for cells that can be taken into primary culture, that in vitro telomere shortening during cell divisions is more rapid than in vivo decline of telomere length during aging (46) . This indicates that special research tools are necessary to study the influence of telomere length shortening on organ function in vivo.
For this purpose, telomerase-deficient mice (mTERC Ϫ/Ϫ ) have been established that carry homozygous deletion of telomerase RNA component (TERC) and thus lack telomerase activity (7) . In contrast to humans, where the critical telomere length that induces cellular senescence and limits organ regeneration can be reached during the lifetime of the individual (37, 46) , the very long telomeres in mice prevent obvious telomereinduced organ failure in the first generations of mTERC Ϫ/Ϫ mice. However, in later generations of homozygous intercross of mTERC Ϫ/Ϫ mice, telomere shortening produces critically short telomeres, leading to decline of cellular regenerative capacity, with ensuing organ dysfunction and shorter life span (9, 37, 38) .
For this study, we used third-generation telomerase knockout mice (G 3 mTERC
) on a C57Bl-6J background, which, in this generation, exhibit defects in organ homeostasis and regeneration, and mainly in rapidly proliferating organs (9) . Here, we examined the effects of telomere shortening on the aggressive and protective secretory processes in the gastroduodenal mucosa in aged G 3 mTERC Ϫ/Ϫ mice. Animals. All studies were approved by Hannover Medical School Committee on Investigations Involving Animals, as well as an independent committee of the regulatory authorities for animal welfare. Experiments were performed on third-generation telomerase-deficient mice (G 3 mTERC Ϫ/Ϫ ), age-matched wild-type, and third-generation mTERC Ϫ/Ϫ p21 Ϫ/Ϫ double-knockout mice, congenic on the C57BL6 background, and age-matched wild-type mice from the same ancestors. All mice were ϳ12-15 mo of age. Equal numbers of male and female mice were used in the experiments. The genotype of mTERC Ϫ/Ϫ and mTERC Ϫ/Ϫ p21 Ϫ/Ϫ was verified by PCR according to published protocols that can be found under the standard PCR protocol given at http://jaxmice.jax.org/strain/004132.html. The mice were housed in a standard animal care room with a 12:12-h light-dark cycle and were allowed free access to food and water.
MATERIALS AND METHODS

Chemicals
Ussing chamber experiments. The preparation of isolated duodenal mucosa and the measurement of duodenal HCO 3 Ϫ secretion were exactly performed as described previously in detail (23) . The measurement of gastric acid secretion was performed as described previously (35) . Experiments were performed under continuous shortcircuited conditions to maintain the electrical potential difference (PD) at zero, except for a brief period (Ͻ2 s) at each time point when the open-circuit PD was measured. Luminal pH was maintained at 7.40 by the continuous infusion of 1 mmol/l HCl (for duodenum) or NaOH (for gastric mucosa) under the automatic control of a pH-stat system (PHM290, pH-Stat Controller; Radiometer, Copenhagen, Denmark). 3 Ϫ or HCl secretion, Isc, and PD during the 40-min period ensuing after the addition of stimulants were determined.
For measurement of jejunal short-circuit current response to luminal glucose, the tissues were stripped in an identical fashion as the duodenum, but the tissues were voltage clamped to zero voltage continuously. Gassing was 95% O2-5% CO2 bilaterally, and the serosal solution was used bilaterally, except that mannitol was used in the luminal bath at equimolar concentrations to the glucose in the serosal bath. At the indicated time, 25 mM glucose was added to the luminal bath.
RNA extraction and real-time RT-PCR. Expression of solute-linked carrier 26 gene family (Slc26a6) and cystic fibrosis transmembrane conductance regulator (CFTR) mRNA in duodenum of mTERC Ϫ/Ϫ mice and their wild-type littermates was determined by real-time RT-PCR. Segments of duodenal mucosae were dissected free of seromuscular layers as described above for Ussing chamber experiments. Total RNA was extracted as previously described (24) . Quantitative real-time RT-PCR was performed on a Bio-Rad iQ5 real-time PCR detection system (Bio-Rad) using a SYBR Premix Ex Taq II Kit (Takara Bio) following the manufacturer's instruction. The expression level of CFTR and Slc26a6 mRNA was normalized to that of cytokeratin-18 and was expressed as a ratio relative to the epitheliumspecific cytokeratin-18 (36) . The primers were as follows: CFTR forward, AAGGCGGCCTATATGAGGTT and reverse, AGGAC-GATTCCGTTGATGAC; Slc26a6 forward, CCAGCAATCAAGAA-GATGCC and reverse, ACACTTCCACTTCAATCTCCC; cytokeratin-18 forward, GGACTCCATGAAAAACCAGAAC and reverse, TCTGCCATCCACGATCTTAC. To confirm the purity and size of the PCR products, each PCR reaction mixture was analyzed by electrophoresis in 3% agarose gel, and the gel was subjected to autoradiography.
Histological analysis. For histological analysis, gastric and duodenal tissues were fixed in 4% paraformaldehyde, embedded in paraffin. Sections were stained with Harris hematoxylin and eosin.
Statistics. All results are expressed as means Ϯ SE. ⌬HCO 3 Ϫ and ⌬Isc refer to stimulated peak responses minus basal levels. Basal values for HCO 3 Ϫ and Isc refer to an average taken over the 30-min baseline period. Data were analyzed by Student's t-tests for unpaired experiments. Normal distribution of the values was assessed before determination of significance. P Ͻ 0.05 was considered statistically significant. , respectively) (P Ͻ 0.05). Moreover, forskolin-stimulated duodenal mucosal HCO 3 Ϫ secretion and I sc in mTERC Ϫ/Ϫ mice were reduced by 43 and 47%, respectively, compared with mTERC ϩ/ϩ mice (P Ͻ 0.0001; Fig. 1, A and B) . The concomitant reduction in HCO 3 Ϫ secretory rate and I sc suggests that electrogenic anion secretion, which consists of Cl Ϫ as well as HCO 3 Ϫ , is compromised. In contrast, basal and forskolinstimulated gastric acid secretion in mTERC Ϫ/Ϫ mice was not significantly altered (P Ͼ 0.05; Fig. 2, A and B) .
RESULTS
Effects of telomere shortening on duodenal mucosal HCO
Telomere shortening induced duodenal but not gastric mucosal morphological abnormality. In mTERC Ϫ/Ϫ mice, but not in age-matched wild-type mice, histological analysis of the duodenum revealed mucosal abnormality. Figure 3A shows a section of duodenum with normal number and distribution of villi and glands in age-matched wild-type mice and a representative image of the duodenum of a 12-mo-old G 3 mTERC Ϫ/Ϫ mouse. The section shows villous atrophy and decrease with shortening of the villi and mucosa flattening in duodenal mucosa in mTERC Ϫ/Ϫ mice. In contrast, gastric mucosal histology in G 3 mTERC Ϫ/Ϫ mice was not significantly altered compared with wild-type mice (Fig. 3B) . Specifically, we did not observe significant changes in the length of the gastric glands or the composition of epithelial cell types between age-matched wild-type and mTERC Ϫ/Ϫ mice.
Expression of CFTR and Slc26a6 in mTERC
Ϫ/Ϫ mice. The cellular origin of duodenal HCO 3 Ϫ secretion is under debate. While CFTR is essential for duodenal HCO 3 Ϫ secretion, it may be that a large part of the secreted HCO 3 Ϫ actually gets into the lumen via Cl Ϫ /HCO 3 Ϫ exchangers from the Slc26 gene family, which are coupled to the function of CFTR via Cl Ϫ recycling (16, 41, 42) . While CFTR is crypt-predominant, the duodenal Slc26 isoforms are villus predominant (41, 43) . Thus, it is feasible that a decrease in HCO 3 Ϫ secretion in TERC Ϫ/Ϫ duodenum may be due to the defective expression of cryptpredominant CFTR or the villus-predominant Slc26 members. To investigate whether telomere shortening and senescence impaired duodenal HCO 3 Ϫ secretion by inducing downregulation Slc26a6 and CFTR, we further measured the expression of CFTR and Slc26a6 mRNA in duodenal mucosa of mTERC Ϫ/Ϫ mice, in relation to the epithelial gene cytokeratin-18. Interest- Fig. 1 . Effect of telomere shortening on basal and forkolin-stimulated duodenal mucosal HCO 3 Ϫ secretion (A) and short-circuit current (Isc) (B). The data represent the time course of changes of HCO 3 Ϫ secretion (a1) and Isc (b1) and the net maximal increases in HCO 3 Ϫ secretion (a2) and Isc (b2) observed. Forskolin (10 M) was added at the time indicated by the arrow. Values are expressed as means Ϯ SE and n ϭ 10 -11 in each series. In third-generation (G3) telomerase-deficient (mTERC Ϫ/Ϫ ) mice, basal duodenal HCO 3 Ϫ secretion and Isc were lower than those in wild-type mice, and forskolin-stimulated duodenal HCO 3 Ϫ secretion (⌬HCO 3 Ϫ ) and Isc (⌬Isc) were reduced by 43 and 47%, respectively, compared with aged-matched wild-type mice (****P Ͻ 0.0001).
ingly, both CFTR and Slc26a6 mRNA expression were not altered in G 3 TERC Ϫ/Ϫ duodenum compared with the wild type (P Ͼ 0.05, Fig. 4, A and B) . This indicates that the atrophy that is obvious by histological examination is perfectly balanced in that the relative mRNA expression of villus-predominant and crypt-predominant genes is not changed and that no downregulation of transporter genes CFTR and Slc26a6 compared with cytokeratin (or villin, data not shown) is seen.
Glucose-induced I sc in proximal jejunal mucosa in mTERC
mice. Glucose-induced I sc is a measure of electrogenic Na ϩ glucose cotransport, mediated by the Na ϩ glucose cotransporter SGLT1, which is strongly expressed in the brush-border membrane of villous enterocytes. Therefore, glucose-induced I sc is often measured as a parameter of villous integrity. To study absorptive capacity of the small intestine in G 3 mTERC Ϫ/Ϫ mice, we measured the changes of I sc and G t induced by 25 mM glucose added to the luminal bath in jejunum. While variability was high, possibly because of the relatively high age of the mice, there was no significant difference in glucose-induced I sc and G t between age-matched G 3 mTERC Ϫ/Ϫ and wild-type mice, suggesting that the vitality of the epithelium was preserved and that major nutrient absorptive function was preserved (Fig. 5, A and B) . In agreement with this assumption, calorimetries of mouse feces did not reveal evidence for an impaired uptake of energy in ad libitumfed G 3 mTERC Ϫ/Ϫ mice compared with age-matched wildtype mice (Missios P, Sakk V, Klaus S, Rudolph KL, unpublished observation).
Effect of p21 knockout on duodenal mucosal HCO 3 Ϫ secretion in mTERC Ϫ/Ϫ mice. To find out if the predominant reason for the decrease in HCO 3 Ϫ secretion was the overall thinning and shortening of duodenal villi and thus loss of secretory surface, TERC/p21 double-knockout mice were studied. p21 (Cdkn1a) is a downstream effector of senescence signaling resulting in cell cycle arrest. It has been shown that p21 knockout partially rescued villi and crypt atrophy in aged mice with dysfunctional telomeres (9) . To investigate whether the defect in HCO 3 Ϫ secretion could be restored by p21 ablation, we analyzed duodenal mucosal HCO 3 Ϫ secretion in G 3 mTERC 3 Ϫ secretion and I sc were not different from wild-type controls (P Ͼ 0.05, Fig. 6, A and B) . This demonstrates that the decrease in basal and forskolin-stimulated duodenal HCO 3 Ϫ secretion is due to p21 checkpoint-controlled epithelial atrophy and not due to a direct effect of short telomere signaling to the secretory process.
DISCUSSION
In this paper, we demonstrate that aging third-generation TERC-deficient mice, in which telomeres are known to be shorter than in wild-type mice at birth and become progressively shorter over the lifespan of the mouse (7, 9), display markedly reduced basal and stimulated duodenal HCO 3 Ϫ secretory rates but normal gastric acid secretory rates compared with wild-type controls of the same age. The reduction in HCO 3 Ϫ secretion was accompanied by, and is probably secondary to, a marked slimming of the duodenal villous architecture because the additional deletion of the cyclin-dependent kinase inhibitor p21, which is a downstream target for telomere shortinginduced signaling (9, 25) , prevented the reduction in HCO 3 Ϫ secretion as well as the mucosal atrophy. These findings suggest that telomere shortening may lead to a relative imbalance of the secretory capacity for protective and aggressive secretory products in the upper gastrointestinal tract. If telomere shortening, which occurs during the normal lifespan in humans, has a similar effect on human gastrointestinal tissues, this may be one factor predisposing to duodenal ulcer development in advanced age.
Duodenal mucosal HCO 3 Ϫ secretion is currently accepted as an important protective factor on duodenal mucosa against Fig. 2 . Effect of telomere shortening on basal and forkolin-stimulated gastric acid secretion. The data represent the time course of change of gastric acid secretion and the net maximal increases in acid secretion observed. Forskolin (10 M) was added at the time indicated by the arrow. Values are expressed as means Ϯ SE and n ϭ 6 -7 in each series. There were no significant differences in basal and forskolin-stimulated gastric acid secretion (⌬HCl) between G3 mTERC Ϫ/Ϫ mice and wild-type mice ( # P Ͼ 0.05). gastric acid-induced damage (2, 39), but little is known about the effects of age on duodenal HCO 3 Ϫ secretion. Kim et al. (28) studied duodenal HCO 3 Ϫ secretion in anesthetized rats and found a decrease in luminal acid-stimulated HCO 3 Ϫ secretory response with age, whereas the basal HCO 3 Ϫ secretion and agonist-stimulated HCO 3 Ϫ secretion was unchanged, suggesting a change in the acid-induced signaling pathways rather than the duodenal mucosa itself. However, the change was observed early (i.e., largest change between 3 mo and 1 year), so that it may not relate to the changes that occur in human aging, i.e., after the sixth decade of life. Cryer et al. (13) studied the changes in prostaglandin (PGE 2 and PGF 2 ) production of gastric and duodenal biopsies in humans and found a decrease in gastric and duodenal postbulbar prostaglandin production in the aged population. Duodenal HCO 3 Ϫ secretion was not measured in this study, and no information exists on the influence of age alone on human HCO 3 Ϫ secretion. Tuo et al. (47) found a higher basal and stimulated duodenal HCO 3 Ϫ secretory rate in young women compared with postmenopausal women.
In this study, we found that, in G 3 mTERC Ϫ/Ϫ mice, basal and stimulated duodenal mucosal HCO 3 Ϫ secretory rates were markedly reduced compared with age-matched wild-type mice, whereas gastric acid secretory rates were not different. Because the mucosa was muscle stripped and chemically denervated, and endogenous prostaglandin synthesis was suppressed, these secretory rates reflect the secretory capacity of the epithelium itself. Changes of secretory capacity are generally due either to a decreased production or increased destruction of the molecular machinery of the secretory process, i.e., the transporters and/or their regulatory proteins, or due to alterations of mucosal morphology. When we studied duodenal mucosal morphology, we found a clear difference between the architecture of G 3 mTERC Ϫ/Ϫ and wild-type mice at the same age. In the G 3 mTERC Ϫ/Ϫ mice, villi were slimmer and appeared both less abundant and shorter than in the wild-type mice. Together with normal CFTR and Slc26a6/cytokeratin-18 mRNA expression ratios, the findings suggest a reduction of the overall surface area with no predilection of selective villous or crypt cell loss. Other studies in these mice have shown a decrease in the number of proliferating cells in the crypts of the small intestine, observed in the fourth generation of TERC Ϫ/Ϫ mice (9). How do these finding compare to reports of duodenal mucosa in aging humans and laboratory animals? Studies on duodenal morphology have reported a high incidence of pathologic lesions in the duodenum in the older population, which may reflect the high percentage of H. pylori-infected persons in the studied cohorts (32) . A more recent study found normal villus length in the distal duodenum of elderly individuals but a strong increase in the cells that stained positive for proliferating cell nuclear antigen, suggesting that the percentage of undifferentiated enterocytes in the duodenum may increase with age and absorptive capacity decrease (11) . However, the sample size was small. To assess whether the strong decrease in duodenal HCO 3 Ϫ secretory rate may be due to an increase in nondifferentiated enterocytes, or due to a change in transporter expression, we measured the expression levels of two key duodenal HCO 3 Ϫ transport proteins, the anion channel CFTR and the Cl Ϫ /HCO 3 Ϫ exchanger Slc26a6. Because Slc26a6 is most strongly expressed in the upper villous region and CFTR most strongly in the cryptal region (41, 43), we would be able to detect a selective change in cryptal or villous transporter mRNA expression by measuring their mRNA expression levels in G 3 TERC Ϫ/Ϫ and wild-type duodenum. Rather, to our surprise, the mRNA expression of either transporter was not changed in relation to cytokeratin-18. This argues against the notion that the enterocytes have a differentiation defect and suggests that the reduction in proliferation rate is the likely reason for the reduced overall duodenal mucosal surface area.
Is it plausible that the decrease in the epithelial surface area, found in the duodenum of G 3 mTERC Ϫ/Ϫ mice, may be the major reason for a strong decrease in duodenal HCO 3 Ϫ secretion? Short telomeres may also cause direct defects in cellular signaling pathways, irrespective of the effect on proliferation (22, 30, 31, 38) , and thus potentially interfere with duodenal HCO 3 Ϫ secretion. To discriminate between these possibilities, we made use of the fact that the cyclin-dependent kinase inhibitor p21 is an important checkpoint downstream of p53 mediating the effects of dysfunctional telomeres on cell cycle arrest, and it has been shown that p21 induction leads to a depletion of stem/progenitor cells in intestinal epithelia and the hematopoietic system in response to telomere dysfunction (9, 25) . Knockout of p21 in late-generation mTERC Ϫ/Ϫ mice was able to prevent the decrease in proliferating stem cell maintenance in the small intestine, and it rescued normal villous architecture (9) . In this study, we found that the additional knockout of p21 in G 3 mTERC Ϫ/Ϫ mice resulted in basal and forskolin-stimulated duodenal HCO 3 Ϫ secretory rates that were not significantly different from aged-matched wild-type controls, and it normalized mucosal architecture, as already shown in Choudhury et al. (9) . This indicates that the short telomeres themselves are not the reason for the decrease in basal and forskolin-stimulated duodenal HCO 3 Ϫ secretion but that the predominant reason for the strong decline in basal and forskolin-stimulated duodenal HCO 3 Ϫ secretory rates is the decrease in epithelial surface area.
On the other hand, no significant change in gastric acid secretion was observed in the G 3 mTERC Ϫ/Ϫ mice. This is consistent with the observation that gastric acid secretory capacity does not decrease in non-H. pylori-infected individuals during aging (19, 52) . Likewise, no significant differences were observed in gastric mucosal morphology between 12-and 15-mo-old G 3 mTERC Ϫ/Ϫ and wild-type mice in our study. This suggests that it is the reduction in proliferation and the reduced duodenal surface area that interfere with HCO 3 Ϫ secretory rate, not another function of short telomeres.
What happens in the gastric mucosa of aging laboratory animals and humans? Changes in gastric morphology with age in normal laboratory mice have been studied, and it was found in one study that parietal cell numbers decrease while mucus cell number increase, but only at very old age (ϳ3 yr) of the mice (27) . Human gastric biopsies of patients from different age groups have also been studied; parietal cell numbers were found to increase and mucous cell number to decrease in the aging population (18) , but no H. pylori status was reported in these patients. More recent studies concluded that the H. pylori infection status determined whether atrophic changes occur in the human gastric epithelium, and not the age of the individual (5).
The influence of age on telomere length in human stomach and duodenum has also been assessed and compared with that in other organs in previous studies (1, 32, 33, 46) The ratio of telomeric to total DNA was assessed. The lowest ratio was seen in gastric biopsies, but the decrease in ratio was less in the stomach than in blood, and was largest in the duodenum. On possible explanation indicates that proliferation rates are higher in duodenal compared with gastric mucosa. However, it has also been reported that the yearly reduction rates in small intestine and in stomach are similar in both organs in the range of 50 base pairs/yr (46). Aida et al. (1) used an advanced technique to study telomere length in human gastric mucosa from different age populations. They found that gastric fibroblasts had the longest telomeres and fundic surface cells the shortest. However, the same group observed that the comparison of rapidly vs. slowly proliferating gastric cells, coming from the same stem cell pool, does not explain these differences in telomere length (1, 46) . This suggests that telomerase activity may be present in proliferating, not just in stem, cells as has been reported for the intestine (24) . It is conceivable that differences in telomerase activity and/or regulation in gastric vs. intestinal mucosa could also impact on telomere shortening rates during aging. Nevertheless, the presence of telomerase in gastrointestinal epithelial cells in the proliferative zone does not prevent telomere shortening in human intestine and gastric mucosa (1, 12, 46) , indicating that telomerase expression levels are insufficient to maintain stable telomere length during aging of the gastrointestinal tract. In addition, chronic disease such as H. pylori infection, liver disease, or psychological stress may affect telomere shortening (6, 14, 21, 25, 28, 40) .
How does our study relate to duodenal ulcer pathophysiology in humans? As indicated in the last paragraphs, it is known that telomere length is influenced by age and within an age group, by genetic and environmental factors, and chronic disease, and the same factors have been shown to increase ulcer incidence. Our study demonstrates that telomerase ablation results in a strong weakening of a major duodenal defense mechanism, namely basal and stimulated HCO 3 Ϫ secretion at the level of the isolated mucosa. All other protective and aggressive mechanisms such as the neural regulation of HCO 3 Ϫ secretion, motility, mucosal restitution, etc., will then be faced with the problem that the capacity of the duodenal mucosa to neutralize a given acid load is reduced by half. On the other hand, the capacity of the isolated gastric mucosa to secrete acid upon stimulation is not affected to the same degree. Other basal functions of the intestine such as Na ϩ , glucose absorption were not disturbed to the same degree, possibly because reserve capacity for this function is large. Telomere shortening thus may have a differential effect on gastroduodenal ion transport functions, resulting in an imbalance between aggressive and protective secretions and predisposing to duodenal ulcer formation. 
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